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TECHNICAL MEMORANDUM 

1 . 0  I N T R O D U C T I O N  

T h i s  memorandum g i v e s  a r e p o r t  o f  t h e  e x t e n s i o n  of  
e a r l i e r  work done on s i m u l a t i n g  Surveyor  l a n d i n g s  on model 
soi ls! ' )  The p r e v i o u s  work was aimed a t  i n t e r p r e t i n g  t h e  
f o o t p a d  p e n e t r a t i o n  data o b t a i n e d  from t h e  Surveyor  I space-  
c r a f t  and p r o v i d i n g  an  estimate of LM per formance  i n  s o i l s  
which were compat ib le  w i t h  t h e  Surveyor  data .  

The purpose o f  t h i s  r e p o r t  i s  t o  b r i n g  t h e  Surveyor  
s i m u l a t i o n s  up t o  date by i n c l u s i o n  o f  t h e  new shock a b s o r b e r  
which was f lown on Surveyor  I11 and which w i l l  be  used on a l l  
subsequen t  f l i g h t s .  

The s i m u l a t i o n  t e c h n i q u e  and t h e  s o i l  model which 
are  used  here are e s s e n t i a l l y  t h e  same as t h o s e  used  i n  t h e  
p r e v i o u s  r e p o r t ,  and t h e  r e a d e r  i s  r e f e r r e d  t he re  f o r  a com- 
p l e t e  d i s c u s s i o n .  The p r i n c i p a l  l i m i t a t i o n s  o f  t h e  p r e v i o u s  
s t u d y  were t h a t  on ly  a s i n g l e  model was c o n s i d e r e d  and t h a t  
t h e  s p a c e c r a f t  mot ions  were r e s t r i c t e d  t o  be i n  t h e  v e r t i c a l  
d i r e c t i o n .  These l i m i t a t i o n s  remain i n  t h e  c u r r e n t  e x t e n s i o n  
o f  t h e  work. 

The s i m u l a t i o n s  were performed on Bellcomm's 
IBM 7040/7044 d i g i t a l  computer.  A t  a g i v e n  t i m e  t ,  t h e  
s p a c e c r a f t  and f o o t p a d  a c c e l e r a t i o n s  were c a l c u l a t e d ,  and 
t h e  v a l u e  was used t o  p r o p a g a t e  t h e  p o s i t i o n  and v e l o c i t y  
fo rward  f o r  a t i m e  i n t e r v a l  A t ,  which w a s  t a k e n  t o  be .0002 
seconds .  The foo tpad  and t h e  l a n d i n g  g e a r  are c o n s i d e r e d  t o  
be massless, and any h o r i z o n t a l  f o r c e s  a t  t n e  f o o t p a d  are ,  
i n  g e n e r a l ,  n e g l e c t e d .  

The s o i l  model used i n  t h i s  and i n  t h e  e a r l i e r  
s t u d y  r e p r e s e n t s  a n  i n c o m p r e s s i b l e  s o i l .  The  p r o p e r t i e s  o f  
t h e  s o i l  are  d e s c r i b e d  by three  p a r a m e t e r s :  t h e  a n g l e  o f  
i n t e r n a l  f r i c t i o n ,  t h e  d e n s i t y  and t h e  c o h e s i o n  of  t h e  s o i l .  
Dynamic f o r c e s  i n  t h e  soil a re  t a k e n  i n t o  a c c o u n t .  A com- 
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p l e t e  d e s c r i p t i o n  of t h e  s o i l  model has been g i v e n  by  
Chandeysson. ( 2 )  

A subsequent  memorandum w i l l  r e p o r t  on f u r t h e r  
s t u d i e s  which a r e  concerned w i t h  i n t e r p r e t a t i o n  o f  t h e  shock 
a b s o r b e r  s t r a i n  gage d a t a  which are o b t a i n e d  d u r i n g  a Surveyor  
l a n d i n g .  P r o v i s i o n  has been i n c l u d e d  i n  t h e  s i m u l a t i o n  pro-  
gram t o  model t h e  f i l t e r  which l i m i t s  t h e  h i g h  f r equency  r e -  
sponse  o f  t h e  s t r a i n  gage. 

2.0 THE NEW SURVEYOR SHOCK ABSORBER 

2 . 1  D e s c r i p t i o n  

The new Surveyor  shock a b s o r b e r ' w a s  used  on Surveyor  
I11 and I V ,  and i t  w i l l  b e  used on a l l  subsequent  s p a c e c r a f t .  
It d i f f e r s  from t h e  p r e v i o u s  shock a b s o r b e r  i n  b o t h  s p r i n g  
c o n s t a n t  and damping c o n s t a n t .  I n  a d d i t i o n ,  t h e  model of  t h e  
shock a b s o r b e r  used  i n  t h e s e  s t u d i e s  now c o n t a i n s  a t e r m  
r e p r e s e n t i n g  t h e  f r i c t i o n a l  f o r c e  w i t h i n  t h e  shock a b s o r b e r .  
No such  t e rm was i n c l u d e d  i n  t h e  model o f  t h e  shock a b s o r b e r  
for Surveyor  I ( t h e  "o ld"  shock a b s o r b e r ) ,  a l t h o u g h  such  f o r c e s  
were i n  f a c t  p r e s e n t .  

The shock a b s o r b e r  f o r c e ,  Fa, i s  de termined  by t h e  
e q u a t i o n  

where s i s  t h e  s t r o k e  of t h e  shock a b s o r b e r ,  K(s) g i v e s  t h e  
p r e l o a d  and t h e  s p r i n g  f o r c e ,  g ( s )  i s  t h e  damping c o n s t a n t ,  
and f f r e p r e s e n t s  t h e  f r i c t i o n  f o r c e .  ( 3 )  

The s p r i n g  f o r c e  for t h e  new shock a b s o r b e r  i s  shown 
1 1 1  4 n  "-'mure 1.16 1 ir,  cmpar i so r?  ~ i t h  t h e  f i m c t i o n  used f o r  Surveyor  I. 
For  Surveyor  I ,  t h e  s p r i n g  was r e p r e s e n t e d  by a p r e l o a d  f o r c e  
p l u s  a c o n s t a n t  times t h e  s t r o k e .  For  t h e  new shock a b s o r b e r ,  
t h e  s p r i n g  f o r c e  i s  a more compl i ca t ed  f u n c t i o n  o f  t h e  s t r o k e .  
The i m p o r t a n t  c h a r a c t e r i s t i c  as fa r  as t h e  l a n d i n g  s i m u l u t i o n  
r e s u l t s  are concerned i s  t h e  i n c r e a s e d  f o r c e  l e v e l  a t  a l l  
v a l u e s  o f  t h e  s t r o k e .  
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The damping c o n s t a n t  f u n c t i o n ,  g(s),for t h e  new 
shock a b s o r b e r  and t h a t  f o r  Surveyor  I ,  i s  shown i n  F i g u r e  2 .  
Note t h a t  on t h e  rebound s t r o k e ,  t h e  damping c o n s t a n t  f o r  t h e  
new shock a b s o r b e r  i s  s i g n i f i c a n t l y  s m a l l e r  t h a n  f o r  Surveyor  I. 

The magnitude o f  t h e  f r i c t i o n  f o r c e  i s  o b t a i n e d  
from t h e  r e l a t i o n  

Iff1 = - 4 0  pounds + .03  K ( s )  

No d i s t i n c t i o n  i s  made between s t a t i c  and s l i d i n g  f r i c t i o n .  
The d i r e c t i o n  of t h e  f o r c e  i s  o p p o s i t e  t o  t h e  d i r e c t i o n  of  
s t r o k i n g ,  s o  t h a t  i t  i n c r e a s e s  t h e  shock a b s o r b e r  f o r c e  
d u r i n g  compression and d e c r e a s e s  i t  d u r i n g  expans ion .  The 
f o r c e  changes d i s c o n t i n u o u s l y  where t h e  s t r o k e  r a t e  passes 
th rough  ze ro .  

There w a s  no such  d i s c o n t i n u i t y  i n  t h e  shock 
a b s o r b e r  model which w a s  used f o r  Surveyor  I. Although t h e  
damping c o n s t a n t  changes d i s c o n t i n u o u s l y  between expans ion  
and c o n t r a c t i o n ,  t h e  s t r o k e  r a t e  a t  t h i s  t i m e  i s  z e r o  and no 
d i s c o n t i n u i t y  i n  t he  shock a b s o r b e r  f o r c e  i s  produced.  

2 . 2  C h a r a c t e r i s t i c s  of t h e  Landing S i m u l a t i o n  

The change i n  t h e  shock a b s o r b e r  c a u s e s  two d i s -  
t i n c t i v e  a l t e r a t i o n s  i n  t h e  b e h a v i o r  of  t h e  l a n d i n g  s i m u l a t i o n  
o f  Surveyor .  These phenomena are d i s c u s s e d  i n  t h i s  s e c t i o n .  
I n  a l l  o t h e r  c h a r a c t e r i s t i c s ,  t h e  behav io r  o f  t h e  s i m u l a t i o n s  
i s  the  same as f o r  Surveyor  I ,  e x c e p t ,  o f  c o u r s e ,  f o r  t h e  de- 
t a i l e d  r e s u l t s .  

The sequence o f  e v e n t s  i n  t h e  normal s i m u l a t i o n  i s  
impact  of t h e  f o o t p a d s ,  d e c e l e r a t i o n  o f  t h e  s p a c e c r a f t  s imul-  
t a n e o u s l y  w i t h  compression o f  t h e  shock a b s o r b e r s  and perhaps 
p e n e t r a t i o n  of t h e  foo tpads  i n t o  t h e  s u r f a c e ,  expansioi? o f  
t he  shock a b s o r b e r s ,  and f i n a l l y  l i f t - o f f  o f  t h e  f o o t p a d s  from 
from t h e  l u n a r  s u r f a c e .  

For t h e  o l d  shock a b s o r b e r ,  it was observed  t h a t  
t h e  shock a b s o r b e r  f u l l y  re-extended b e f o r e  the  f o o t p a d s  
l e f t  t h e  s u r f a c e ,  For  t he  Surveyor  I11 shock a b s o r b e r s  t he  
s i m u l a t i o n s  i n d i c a t e  t h a t  i n  most c a s e s  l i f t - o f f  w i l l  o ccu r  
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b e f o r e  t h e  shock a b s o r b e r s  r e t u r n  t o  t h e  f u l l y  extended 
p o s i t i o n .  

The o t h e r  phenomenon r e s u l t s  d i r e c t l y  from t h e  d i s -  
c o n t i n u i t y  i n  t h e  shock absorber f o r c e  when t h e  d i r e c t i o n  o f  
s t r o k i n g  changes.  When t h e  f o o t p a d s  and t h e  s p a c e c r a f t  are  
moving downward w i t h  e s s e n t i a l l y  t h e  same v e l o c i t y ,  a q u a s i -  
e q u i l i b r i u m  s i t u a t i o n  i s  e s t a b l i s h e d  i n  which t h e  shock ab- 
s o r b e r  o s c i l l a t e s  between p o s i t i v e  and n e g a t i v e  s t r o k e  r a t e .  
The d i s c o n t i n u o u s  change i n  t h e  shock a b s o r b e r  f o r c e  i s  s u f -  
f i c i e n t  t o  a l t e r  t h e  t r e n d  of  t h e  motion and t o  cause  t h e  
o s c i l l a t i o n ,  I n  e f f e c t ,  t h e  o s c i l l a t i o n  smooths o u t  t h e  
d i s c o n t i n u i t y  i n  t h e  f o r c e  by a v e r a g i n g ,  i n  t i m e ,  between t h e  
p o s i t i v e  and n e g a t i v e  s t r o k e  rates.  

Such b e h a v i o r  i s  l i k e l y  t o  be p e c u l i a r  t o  t h e  simu- 
l a t i o n  p r o c e s s .  Var ious  f a c t o r s  n o t  c o n s i d e r e d  i n  t h e  s imula-  
t i o n s ,  such  as f l e x i b i l i t y  of t h e  l a n d i n g  g e a r  and f r i c t i o n  
between t h e  f o o t p a d  and t h e  s o i l ,  would f u n c t i o n  t o  smooth 
t h e  t r a n s i t i o n  between p o s i t i v e  and n e g a t i v e  s t r o k e .  The 
o s c i l l a t i o n  shou ld  not  be regarded  as a d e f e c t  i n  t h e  s i m u l a t i o n  
b u t  ra ther  as a s p e c i a l  behav io r  which a r i s e s  from t h e  s p e c i f i c  
c h o i c e  of shock a b s o r b e r  model. 

2 . 3  P e n e t r a t i o n  Data 

The c o n d i t i o n s  under which t h e  p e n e t r a t i o n  s i m u l a t i o n s  
were r u n  are t h e  same as t h e  c o n d i t i o n s  used  i n  t h e  e a r l i e r  
s t u d y  excep t  f o r  t h e  c h a r a c t e r i s t i c s  of  t h e  shock a b s o r b e r .  
A d e t a i l e d  l i s t i n g  of  t h e  parameters i s  g i v e n  i n  Table  I .  
A l l  of t h e  s i m u l a t i o n s  were r u n  a t  a v e r t i c a l  touchdown 
v e l o c i t y  of  1 1 . 7  f p s .  

The r e s u l t s  o f  t h e  f o o t p a d  p e n e t r a t i o n  s i m u l a t i o n s  
are p l o t t e d  i n  F i g u r e s  3 through 7 .  I n  each f i g u r e  t h e  f o o t -  
pad p e n e t r a t i o n  i s  p l o t t e d  as a f u n c t i o n  o f  cohes ion  f o r  a 
c o n s t a n t  a n g l e  o f  i n t e r n a l  f r i c t i o n  0, and a c o n s t a n t  s o i l  
d e n s i t y ,  p .  An a d d i t i o n a l  s c a l e  which shows t h e  b e a r i n g  
s t r e n g t h  a t  t h e  s u r f a c e  f o r  a Surveyor  f o o t p a d  has been added. 
The r e s u l t s  o f  t h e  e a r l i e r  S imula t ion  f o r  Surveyor  I are  a i s o  
shown f o r  comparison. 

The r a n g e  of  s o i l  pa rame te r s  which i s  shown i n  
F i g u r e s  3 t o  7 i s  more r e s t r i c t e d  t h a n  i n  t h e  p r e v i o u s  r e p o r t .  
Only one cu rve  i s  p l o t t e d  f o r  a d e n s i t y  o f  1 s l u g  p e r  c u b i c  
f o o t  ( F i g u r e  5 ) ;  the  remainder  of t h e  cu rves  have a d e n s i t y  
of 3 s l u g s  p e r  c u b i c  f o o t .  
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The f i g u r e s  were p l o t t e d  as a f u n c t i o n  o f  cohes ion  
r a t h e r  t h a n  b e a r i n g  s t r e n g t h  i n  confo rmi ty  w i t h  t h e  e a r l i e r  
work. Cohesion i s  a fundamental  pa rame te r  o f  t h e  s o i l  model, 
w h i l e  t h e  b e a r i n g  s t r e n g t h  depends on t h e  r a d i u s  of  t h e  f o o t -  
pad .  

The p e n e t r a t i o n  d a t a  has been p l o t t e d  as a f u n c t i o n  
of t h e  b e a r i n g  c a p a c i t y  f o r  Surveyor  i n  F i g u r e  8 .  The shaded 
areas show t h e  r a n g e  o f  p e n e t r a t i o n s  which occur  as t h e  a n g l e  
of  i n t e r n a l  f r i c t i o n  i s  v a r i e d  from Oo t o  40°, f o r  a g i v e n  
b e a r i n g  s t r e n g t h .  For  b o t h  t he  o l d  and new shock a b s o r b e r s ,  
t h e  upper  b o r d e r  cor responds  t o  @ = 0' and t h e  lower t o  @ = 40'. 

p e n e t r a t i o n  t o  v a r i a t i o n  o f  t h e  p a r a m e t e r s  o f  t h e  s o i l  model. 
For a g i v e n  s u r f a c e  b e a r i n g  s t r e n g t h ,  there  i s  c o n s i d e r a b l e  
v a r i a t i o n  as a f u n c t i o n  o f  t h e  a n g l e  o f  i n t e r n a l  f r i c t i o n .  
T h i s  ar ises  p r i m a r i l y  because t h e  r a t e  o f  i n c r e a s e  o f  b e a r i n g  
s t r e n g t h  w i t h  depth i s  much h ighe r  f o r  @ = 40' t h a n  f o r  I$ = 0'. 
The r a t e  o f  i n c r e a s e  o f  b e a r i n g  s t r e n g t h  i s  shown i n  T a b l e  11. 

F i g u r e  8 i s  in t ended  t o  show t h e  s e n s i t i v i t y  o f  

For  t h e  new shock a b s o r b e r  t h e  maximum f o o t p a d  
p r e s s u r e  t h a t  i s  e x e r t e d  when t h e  s p a c e c r a f t  l a n d s  on a h a r d  
s u r f a c e  i s  9.58 p s i .  Thus f o r  any s o i l  i n  which t h e  s u r f a c e  
s t a t i c  b e a r i n g  c a p a c i t y  exceeds  9.58 p s i ,  no p e n e t r a t i o n  w i l l  
r e s u l t .  The co r re spond ing  f i g u r e  f o r  Surveyor  I i s  9 .83  p s i .  

2 . 4  Comparison w i t h  Surveyor  I Data 

I n  t h e  p r e v i o u s  r e p o r t  s e v e r a l  s e t s  o f  s o i l  para- 
meters were o b t a i n e d  which, i n  t h e  s i m u l a t i o n ,  produced f o o t -  
pad p e n e t r a t i o n s  of 0.25 f e e t ,  i n  agreement  w i t h  data o b t a i n e d  
from Surveyor  I. The same se t s  o f  s o i l  parameters have  been 
r e - run  w i t h  t he  new Surveyor  shock a b s o r b e r .  The r e s u l t s  are 
l i s t e d  i n  T a b l e  111. 

The p e n e t r a t i o n  r e s u l t s  u s i n g  t h e  new Surveyor  shock 
a b s o r b e r  i n d i c a t e  tha t  w i t h  t h e  same l a n d i n g  c o n d i t i o n s ,  one 
would expec t  Surveyor  t o  p e n e t r a t e  t h e  l u n a r  s u r f a c e  approx i -  
m a t e l y  0.5 fee t .  The c r u s n  b i o c k  p e n e t r a t e s  t h e  s u r z a c e  abou t  
0 . 3  f e e t ,  a f i g u r e  s i m i l a r  t o  tha t  o b t a i n e d  w i t h  t h e  Surveyor  I 
shock  a b s o r b e r .  

It may b e  concluded t h a t  i f  t h e  s o i l  model used i n  
t h i s  s i m u l a t i o n  i s  adequa te  t o  d e s c r i b e  t h e  l u n a r  s u r f a c e ,  i f  
t h e  s o i l  a t  t h e  l a n d i n g  s i t e  o f  f u t u r e  Surveyor s  i s  t h e  same 
as a t  t h e  s i t e  of Surveyor  I,  and i f  t h e  same s p a c e c r a f t  l a n d i n g  
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c o n d i t i o n s  e x i s t ,  t h e  change i n  t h e  shock a b s o r b e r  w i l l  
c ause  t h e  f u t u r e  Surveyors  t o  p e n e t r a t e  about  t w i c e  as far .  

It is not  i n t e n d e d  t o  sugges t  t h a t  each  of  t h e  s e t s  
of  s o i l  pa rame te r s  i n  T a b l e  I11 i s  a n  e q u a l l y  l i k e l y  c a n d i d a t e  
f o r  a d e s c r i p t i o n  o f  t h e  l u n a r  s u r f a c e .  V i s u a l  o b s e r v a t i o n s  
a t  b o t h  t h e  Surveyor  I and t h e  Surveyor  I11 s i t e s  s u g g e s t  
t h a t  a d e n s i t y  of  3 s lugs  pe r  c u b i c  f o o t  and a n  i n t e r n a l  
f r i c t i o n  a n g l e  between 30' and 40° r e p r e s e n t  t h e  most l i k e l y  
s o i l  pa rame te r s .  4 
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S p a c e c r a f t  

P r e l o a d  f o r c e  

S p r i n g  f o r c e  

Damping f u n c t i o n  

F r i c t i o n  f o r c e  

300 pounds 

See F i g u r e  1 

See F i g u r e  2 

40 pounds + .O3 x (spring f o r c e )  

Surveyor  Mass (a t  touchdown) 

Touchdown v e l o c i t y  

Shock Absorber  

Crush Block 

Crushing p r e s s u r e  

Radius  

Footpad 

Radius  

2 0 . 0  s l u g s  

1 1 . 7  f t / s e c  

40 p s i  

.34 f e e t  

.33 f e e t  

TABLE I 

Surveyor  Parameters Used i n  t h e  P r e s e n t  S i m u l a t i o n  
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@ p = 3 slugs/ft P = 1 slug/ft 

O 0  .04 psi/foot .11 psi/foot 

loo .10 I I  11 
' 31 

2 oo II ' 8 9  

2.8 11 

?I 9.4 

TABLE I1 

RATE OF INCREASE OF THE STATIC BEARING CAPACITY WITH 

PENETRATION INTO THE LUNAR SURFACE. THE UNITS ARE P S I  

PER FOOT OF PENETRATION. @ I S  THE INTERNAL FRICTION 

ANGLE OF THE S O I L .  
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I I 
NEW SHOCK ABSORBER 

SHOCK ABSORBER FOR 

0 I 2 3 4 ! 

FIGURE I - SPRING FORCE FOR THE SURVEYOR SHOCK ABSORBER. T H E  

SHOCK ABSORBER STROKE, INCHES 

GRAPHS INCLUDE THE PRELOAD FORCE 
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